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ABSTRACT 

The elements germanium (Ge, Z = 32), arsenic (As, Z = 33), and selenium (Sc, Z — 34) span 
the transition from charged-particle or explosive synthesis of the iron-group elements to neutron- 
capture synthesis of heavier elements. Among these three elements, only the chemical evolution of 
germanium has been studied previously. Here we use archive observations made with the Space 
Telescope Imaging Spectrograph on board the Hubble Space Telescope and observations from several 
ground-based facilities to study the chemical enrichment histories of seven stars with metallicities 
—2.6 < [Fe/H] < —0.4. We perform a standard abundance analysis of germanium, arsenic, selenium, 
and several other elements produced by neutron-capture reactions. When combined with previous 
derivations of germanium abundances in metal-poor stars, our sample reveals an increase in the 
[Ge/Fe] ratios at higher metallicities. This could mark the onset of the weak s-process contribution to 
germanium. In contrast, the [As/Fe] and [Se/Fe] ratios remain roughly constant. These data do not 
directly indicate the origin of germanium, arsenic, and selenium at low metallicity, but they suggest 
that the weak and main components of the s-process are not likely sources. 

Subject headings: nuclear reactions, nucleosynthesis, abundances — stars: abundances — stars: in- 
dividual (HD 2454, HD 16220, HD 76932, HD 94028, HD 107113, HD 140283, 
HD 160617) 



1. INTRODUCTION 

An incomplete but nevertheless intriguing history of 
stellar nucleosynthesis may be reconstructed from the 
abundance patterns revealed by the heavy elements 
present today. The atmospheres of cool stars largely pre- 
serve the initial chemical composition of the interstellar 
medium (ISM) at the time and place where each star 
formed. Neutral and singly-ionized atoms, the majority 
species in these atmospheres, absorb radiation at ener- 
gies in the optical spectrum accessible to ground-based 
telescopes. These favorable conditions allow us to study 
the chemical record in the Sun and other stars whose 
ages span the full age of the Universe. 

We can interpret the origin of elements that are read- 
ily detected in these stars with the help of models 
of stellar structure and chemical evolution, as well as 
steadily growing volumes of laboratory atomic and nu- 
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clear physics data. For example, substantial fractions 
of the iron-group elements in the Solar system were 
produced under explosive conditions in equilibrium or 
quasi-equilibrium during previous generations of super- 
novae. The overwhelming majority of the Solar compo- 
sition of significantly heavier elements, such as barium 
(Ba, Z — 56) or europium (Eu, Z = 63), must have been 
produced by neutron-capture (?t.,7) reactions and sub- 
sequent /3~ decays. Insurmountable Coulomb barriers 
prevent charged-particle reactions from contributing all 
but a negligible fraction of such elements. Elements be- 
tween these two extremes, such as strontium (Sr, Z = 38) 
or zirconium (Zr, Z = 40), may be produced by each of 
these mechanisms. 

Elements in this transition between zinc (Zn, 
Z — 30) and rubidium (Rb, Z = 37) are rarely 
studied in late-type stars because their intrinsic 
abundances are relatively low and their strongest 
absorption lines lie in the ultraviolet (UV), be- 
low the atmospheric cutoff near 3000 A. Some of 
these intermediate elements have been detected in 
the at mospheres of so-cal l ed ch e mically-peculiar stars 
(e.g., i Bidelman &: Corliss' 1962'; Lcckronc ct al. 1999t 
iCasteUi & Hubrig 2004; Cowle y ct al. 2010). These 
atmospheres are affected by strong magnetic fields 
or are stable against convection, allowing radiatively 
driven diffusion or gravitational settling to chemically 
stratify the atmosphere. These stars are not use- 
ful records for examining the evolution of specific el- 
ements throughout the history of the Galaxy. Gal- 
lium (Ga, Z = 31) has been detected in j ust a few 
unstratified stars by llvans et all (|2003l 120061) . Several 
high ionization states of some of t hese el ements are 
found in planetary nebulae (e.g.. iPjqu ignot fc Baluteau 
[1991 lDineFsteinll2001t [Sterling et al.ll2002i:ISharDee et al 
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2007t iSterling fc Dinersteipl I2008D . Recent work by 
Karakas at alj ( 20071 l2009ir interprets these abundances 



in terms of self-enrichment by the slow neutron cap- 
ture process (s-process). This process operates in 
intermediate-mass stars during the asymptotic giant 
branch (AGB) phase of evolution, which precedes 
the planetary nebula stage. Some of these ele- 
ments are also detected in the ISM of the Milky 
Way (e.g.. IPwa fc PottaschI [ToM ICardehi et aP HOQl]: 
Hobbs et alTlDOS*) or other galaxies at high redshift (e.g., 
Prochaska ct al. 2003). While general conclusions can be 
made, it is difficult to probe stellar nucleosynthesis us- 
ing the integrated heavy elements found in this gas at 
the level of detail afforded by individual stars in our own 
Galaxy. 

Among the elements between zinc and rubidium, only 
germanium (Ge, Z = 32) has been examin ed in more 
than a handful of late - type stars (.Sneden et al.l I1998L 
l200llCowan et al.ll2002L 12005 IRoederer et al.l2012D . Yet 
even this sample comprises only old halo stars with 
metallicity [Fe/H] < —1.4, so the evolution of germa- 
nium in younger disc stars with higher metallicity is still 
unknown. Recently, .Roeder er & Lawlcr (2012) detected 
neutral arsenic (As, Z = 33) and selenium (Se, Z = 34) 
in the metal-poor halo star HD 160617 using a high- 
resolution UV spectrum obtained with the Space Tele- 
scope Imaging Spectrograph (STIS) on board the Hubble 
Space Telescope (HST). That study was able to place 
an interesting upper limit on the germanium abundance 
through the non-detection of Ge i. With the exception 
of one good Ge i absorption line at 3039 A, the only de- 
tectable transitions of these elements lie near 2000 A m 
the UV. No ground-based telescope offers the opportu- 
nity to study all three of these elements simultaneously. 

We have searched the HST archives to find any stel- 
lar spectra that offer a reasonable opportunity to detect 
the rarely-studied elements germanium, arsenic, and se- 
lenium. We find suitable spectra of six stars that span a 
range of metallicities and stellar populations. We sum- 
marize some relevant properties of these elements in Sec- 
tion[2l characterize the archival observations in Section[3l 
describe our analysis in|4l present our results in Section[5l 
and summarize our conclusions in Section |6l 

Throughout this work we use standard definitions 
of elemental abundances and ratios. For element X, 
the abundance is defined as the logarithm of the num- 
ber of atoms of element X per 10^^ hydrogen atoms, 
loge(X) = logio(iVx/iVH) + 12.0. For elements X and Y, 
the abundance ratio relative to the solar ratio of X and 
Y is defined as the logarithm [X/Y] = logio(A^x/A^Y) - 
\ogiQ{Nx/NY)Q. Abundance ratios, e.g., [X/Fe], are con- 
structed by comparing the total abundance of element 
X derived from the neutral species with the total iron 
abundance derived from Fe i or the total abundance of 
element X derived from the ionized species with the total 
iron abundance derived from Fe ii. Abundances or ratios 
denoted with the ionization state indicate the particular 
ionization state used to derive the total number of atoms 
of the element under consideration. 

2. GERMANIUM, ARSENIC, AND SELENIUM IN THE 
SOLAR SYSTEM 

Five isotopes of germanium occur naturally in the So- 
lar system, 70,72,73,74,76Qg^ rpj^g lightest four of these 



isotopes are accessible to the s-process, and even ^^Ge 
may be accessible to the s-process if the branching point 
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Ge is open. All but Ge are accessible to the 
rapid (r) neutron-capture process. Only one isotope 
of arsenic is found in Solar material, ^^As, which may 
be produced by both s- and r-process nucleosynthesis. 
There are six naturally-occurring isotopes of selenium, 

74,76,77,78,80,82Se. Pour of theSC isotOpeS, 76,77,78,80Se, 

lie along the s-process chain, and only ^^Se and ""^Se 
are shielded from the r-process. ^"^Se may be produced 
by proton-capture {p,"f) or other reactions that produce 
nuclei on the proton-rich side of stability. ^''Se consti- 
tutes only a minor fraction (0.89%) of the total elemen- 
tal abundance, and we shall not consider it further here. 
The Solar isotopic abundances of these three elements 
are well-known and are summarized in, e.g., Bohlke ct al] 
(|200a. 

Several of the heavier isotopes of selenium derive a 
large fraction of their Solar abundance from the r-process 
production of radioactive isotopes with 50 neutrons. This 
stable nuclear configuration gives rise to smaller than av- 
erage cross sections to neutron capture reactions, build- 
ing up a peak in the r-process distribution. After the 
r-process shuts off, these radioactive isotopes /3~ de- 
cay to stable isotopes of selenium. Selenium is unique 
among the elements in our study because it lies at the 
first r-process peak. Similar phenomena occur in nuclei 
with 82 and 126 neutrons, the second and third peaks, 
respectively. 

The classical approach to calculating the r-process con- 
tribution to the Solar abundance distribution, Nr — 
Nq — Ns, neglects to account for the multitude of nu- 
cleosynthesis channels that can produce elements be- 
tween the iron-group and the first s-process peak (kryp- 
ton through zirconium, 36 < Z < 40). These decom- 
positions assigned a very large s-process fraction (~20- 
70%) to the Sola r germanium, arsenic , a nd selenium 
abuii danc es (e.g.. iKappeler et al.l 119821 or iBurris et al.l 
I2OOOI: see ICameronfligsa for a similar approach). Mod- 
ern decompositions using the ste llar model approach of 
iGalhno et aH (ll998D.IArlandini et al. (1999), and the up- 
dates given in iBisterzo et al.l (fToil. ) assign only 5-10% 
of the Solar abundances of germanium, arsenic, and se- 
lenium to the main component of the s-process. The 
p-process contributions to the S olar abundances are ex- 
pected to be quite small (e.g., IKappeler et al.l ). The 
remainder is assumed to originate in the weak compo- 
nent of the s-process or mechanisms ass o ciated with 
core-collapse supernovae. iPignatari et al.l (|201C0 esti- 
mate the primary, or explosive, component of the Solar 
germanium abundance to be 5-8%. Applying a mod el of 
Galactic chemical evolution, Travaglio et al.| (l2004al l es- 
timate another 12% of the Solar germanium should orig- 
inate in low-mass stars passing through the AGB phase. 
Type la super novae should produce no significant ger- 
manium (e.g. , iTravaglio etall l2004bD . The remammg 
80% of the Solar abundance of germanium should be pro- 
duce d by the weak s -process operating in massive stars 
(e.g. . IPignatari et"al] ). Regardless of the exact fractions, 
modern methods of accounting for the various nucleosyn- 
thesis contributions make clear that the main s-process 
component had a relatively minor influence on the total 
Solar abundances of these elements. 
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3. OBSERVATIONS FROM THE ARCHIVES 

We have searched the HST archives to find high- 
resolution spectral observations covering wavelengths 
from 1890 < A < 2074 A where Ge i, As i, and 
Se I lines may be found. The archive contains six 
subgiants with adequate signal-to-noise (S/N) ratios 
(S/N > 20 near 2000 A) and similar stellar parameters: 
HD 2454, HD 16 220, HP 76932, HP 94028 HP 107113, 
and HP 140283. iRoederer fc Lawleii (|2012D also studied 
these elements in an archival STIS spectrum of another 
star, HP 160617. These stars comprise our target sample 
for the present study. 

All UV spe ctra were take n with STIS ()Kimble et al.l 
Il998t fWoodgate et al.lll998D . These spectra were ob- 
tained using either the high resolution E230H grating 
or the medium resolution E230M grating. Table [1] re- 
ports the details of each set of observations, including 
wavelength coverage, exposure time, approximate spec- 
tral resolution, S/N ratios at a few reference wavelengths, 
program identifier, and the principle investigator (P.I.) of 
the original observations. We use the reduct ion and coad - 
dition provided by the StarCAT database (|Avre£ll2010f l. 

These are local (20 < d < 60 pc), bright stars (5.8 < 
V < 8.7), and they have been observed many times using 
ground-based instruments. We supplement the UV spec- 
tra with optical spectra obtained with the H igh Accuracy 
Radi al velocity Planet Searcher (HARPS; iMavor et al.l 
[Ml on the ESQ 3.6 m Telescope at La Silla, Chile; 
the Ultraviolet and Visual Echelle Spectrograph (UVES; 
iPekker et aTl l200tf) on the Very Large Telescope (VLT) 
Kueyen at Cerro Paranal, Chile; a nd the High Res olu- 
tion Echelle Spectrometer (HIRES; iVogt et al.lll9940 on 
the Keck I Telescope at Mauna Kea, Hawai'i. These 
spectra were reduced and extracted using the standard 
instrument pipelines, and we performed the final pro- 
cessing within the IRAF environment. New observations 
of HP 94028 were obtained on 2009 February 18 and 
2009 J une 12 usin g the Robert G. TuU Coude Spectro- 
graph (jTull et all [1995') on the 2.7 m Harlan J. Smith 
Telescope at McPonald Observatory, Texas. These data 
were reduced and combined using the R EPUCE soft- 
ware package l|Piskunov fc Valeiitil l2002| ) and standard 
IRAF procedures. We use this spectrum to supplement 
the HIRES spectrum of HP 94028 at longer wavelengths. 
The details of each of these observations are also listed 
in Table [H Our previous study of HP 160617 revealed 
no systematic differences at the 1 mA level between sets 
of equivalent widths (EWs) measured from high-quality 
spectra collected with these instruments. 

4. ABUNDANCE ANALYSIS 

4.1. Model Atmospheres 

We i nterpolate model a t mosph eres from the ATLAS9 
grid of ICastelh fc Kurucd ([2001 . using the a-enhanced 
grid for stars with overall metallicity [Fe/H] < —0.7. 
We use the la test version of the analysis code MOOG 
SnedenI Il973f ). including updates from ISobeck et al.l 



201 Ih . to perform a standard EW abundance analy- 
sis for iron. We measure EWs of Fe i and Fe ii lines 
using a semi-automated routine that fits Voigt absorp- 
tion line profiles to continuum-normalized spectra. We 
adopt the log{gf) values for Fe i and Fe ii lines from 
the critical compilation of iFuhr fc Wiesa ()2006i) . We 



ado pt damping constants from [Barklem et al.l (|2000( ) 
and lBarklem fc Aspelund-JohanssonI ( 20051 ), whe n avail- 
able, and otherwise we resort to the standard lUnsoldl 
(1955) approximation. We calculate surface gravities, 
log g (cms~^), based o n th e Hipparc os par allax mea- 
surements validated bv Ivan Leeuwei] (120071) . bolomet- 
ric co rrections fromlAlonso et al.l ( 1993 ). stellar masses 
from iCasagrande et al.l ()2011[ ) and Solar parameters 
Mboi = 4.74, log gQ = 4.44, and T^bq = 5780 K. We 
derive effective temperatures. Toff, by requiring that the 
abundances derived from individual Fe i lines show no 
dependence on lower excitation potential (E.P.). We de- 
rive microturbulent velocities, Wt, by requiring that these 
abundances show no trend with line strength. We set 
the overall metallicity of the model atmosphere equal 
to the iron abundance derived from Fe ii. Reddening 
along the line of sight to these stars is in significant and 
can be neglected fe.g.. ICasagrande et al.[ ). We iterate on 
the model atmosphere parameters until reaching conver- 
gence, which typically requires 2-4 iterations. 

Our derived model atmosphere parameters and iron 
abundances are listed in Table [S] Uncertainties in the 
atmospheric parameters sho uld be comparable to thos e 
discussed in Section 4.1 of IRoederer fc Lawlerl (|2012D . 
Our derived temperatures are consistently several hun- 
dred K cooler than temperatures calculated using color- 
temperature relations or the infrared flux method. The 
warmer temperature scales all introduce a correlation 
between E.P. and abundance, signaling the need for a 
cooler temperature scale. This is not ideal, but other 
approaches (e.g., Balmer line profiles, color-temperature 
relations) also incur difficulties. Absolute abundances 
should be viewed with caution. Since all of our stars are 
subgiants or turn-off stars with similar temperatures, the 
abundance ratios of one heavy element to another should 
be affected minimally. 

4.2. Derivation of Abundances 

Our techniques are the same as those employed by 
IRoederer fc Lawler[ (120121 ). We derive all heavy element 
abundances by comparing synthetic spectra, computed 
using MOOG, with the observed spectrum. Syntheses 
of several lines in HP 140283 are shown in Figure [1] as 
examples. Lines of other specie s near those o f inter- 
est are synthesized based on the iKurucz fc Bell (|1995D 
line lists, updating their log(g/) values with more recent 
laboratory or theoretical values wh en available. These 
lines have already been discussed bv IRoederer fc Lawleri . 
In addition to germanium, arsenic, and selenium, we 
also derive abundances of a selection of heavier elements 
useful for interpreting the enrichment history of these 
stars: zinc, strontium, zirconium, barium, lanthanum 
(La, Z — 57), europium, platinum (Pt, Z = 78), and 
lead (Pb, Z = 82). In all cas e s, we adopt the Solar abun- 
dances from lAsplund et ahl (|2009[ ): iron, loge = 7.50; 
zinc, 4.56; germanium, 3.65; arsenic, 2.30; selenium, 
3.34; strontium, 2.87; zirconium, 2.58; barium, 2.18; lan- 
thanum, 1.10; europium, 0.52; platinum, 1.62; and lead, 
2.04. 

Table [3| lists the 49 lines we have examined. We 
adopt the log,(gf) values for Zn I and II, As i, and 
Pt I from IRoederer fc Lawled (|2012l ): Ge i , Sr ii and 
Ba II from the NIST critical compilations (Klose' 120021: 
iFuhr fc Wiesi [2009[ ): Se i from .Morton (,2000.) : Zr ii 
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TABLE 1 

Characteristics of the Archival Spectra 



Star 


A (A) 


Instrument 




B. = A/ A A 


S/N@ A 


Program 


P.I. 




ly/u— 2/ ([) 


b i lb 


1929 


Qn nnn 
oU,UUU 


40 C 


i 2000 A 


i^^ o nn /I o 
CjU-9048 


Deliyannis 




oonn Q 1 1 n 


b i lb 


1440 


oU,UUU 


50 C 


6 3050 A 


CjU- ( 43o 


Heap 




oUoU— 4olO 


rllKrjb 


420 


A n nnn 

4y,uuu 


50 C 


i 3500 A 


Hzarl 


Boesgaard 




o/yu— byuo 


rlArCFb 


60 


lie; nnn 
ll0,UUU 


100 « 


a 5000 A 


0r4.C-0oD4(AJ 


Robichon 




/oo— oloU 


rllKrjb 


120 


A n nnn 

4y,uuu 


500 (! 


a 6000 A 


rloyarl 


Boesgaard 


tiu IbzzU 


19yU-2ol5 


STIS 


1975 


on nnn 

v50,UUU 


30 C 


« 2100 A 


GU-y045 


Deliyannis 




oUoU— OOZO 


rllrlrjb 


100 


A n nnn 

4y,uuu 


150 « 


a 3500 A 


T T1 1 U 


Prochaska 




oyoU— 4yUo 


rllrlrjb 


1 nn 
lUU 


/in nnn 
4y,UUU 


300 d 


a 4500 A 


T T1 1 tJ 

U lirl 


Prochaska 




4950— oooo 


HIRES 


100 


A n nnn 

49,000 


200 (i 


a 5500 A 


UllH 


Prochaska 


tiu fmoZ 


looU— Zi4o 


b 1 lb 


23859 


1 1 n nnn 
110, UOU 


30 C 


i. 2000 A 


CjU-yoU4 


Duncan 




v5UoU— oobo 


U VEb 


900 


51,000 


250 d 


a 3500 A 


d'y Y\ n/iQO/ A ^ 
D( .L)-U4v)y(Aj 


Primas 




o 1 uu lyou 


UVES 


96 


41 000 


150 (! 


a 4000 A 


U 1 U . Ij-\JUOO ) 


Silva 




4785-5750 


UVES 


130 


62,000 


350 « 


a 5000 A 


67.D-0439(A) 


Primas 




5835-6805 


UVES 


30 


62,000 


300 (! 


a 6000 A 


67.D-0439(A) 


Primas 


HD 94028 


1885-2145 


STIS 


33048 


110,000 


20 C 


i 2000 A 


GO-8197 


Duncan 




3935-4810'' 


HIRES 


270 


67,000 


200 « 


a 4500 A 


NOIH 


Latham 




3695-si7700 


Tull 


3300 


33,000 


145 (! 


a 5200 A 


New observation 


Roederer 


HD 107113 


sil800-2360 


STIS 


2281 


30,000 


40 C 


i 2000 A 


GO- 7433 


Heap 




4430-6770 


HIRES 


180 


50,000 


350 « 


a 5000 A 


H2aH 


Boesgaard 


HD 140283 


1935-2210 


STIS 


8337 


110,000 


25 C 


6 2000 A 


GO-7348 


Edvardsson 




2390-3135 


STIS 


11077 


50,000 


40 C 


6 3000 A 


GO-9455 


Peterson 




3785-6915 


HARPS 


2700 


115,000 


250 « 


a 4500 A 


080.D-0347(A) 


Heiter 



^ The iodine cell was inserted during these observations, so we only make use of the blue region of the spectrum unaffected 
by I2 absorption. 



TABLE 2 

Model Atmosphere Parameters and Iron Abundances 



Star 




log g 


ft 


[Fe l/H] ± a 


N 


[Fe Il/H] ± 0- 


N 




(K) 




(km s"-*-) 










HD 2454 


6050 


4.04 


1.20 


-0.72 ± 0.10 


69 


-0.44 ± 0.21 


7 


HD 16220 


6000 


3.81 


1.30 


-0.56 ± 0.14 


51 


-0.41 ± 0.22 


7 


HD 76932 


5680 


4.11 


1.00 


-1.18 ± 0.12 


112 


-0.92 ± 0.12 


11 


HD 94028 


5720 


4.31 


0.90 


-1.74 ± 0.09 


44 


-1.62 ± 0.05 


6 


HD 107113 


6060 


3.99 


1.25 


-0.79 ± 0.08 


58 


-0.53 ± 0.07 


5 


HD 140283 


5600 


3.66 


1.15 


-2.71 ± 0.05 


111 


-2.62 ± 0.07 


31 



Note. — Wc set the overall metal abundance of the model equal to [Fe ii/H]. 



from iLiung et al.l (|2006D and iMalcheva efall (l2006f). a s 
discussed in the A ppendix of IRoedere r et al.' ('2012[): 
La II fr om lLawler^t al. (2 00Tal): Eu 11 from Lawler et aT] 
(|2001bf l: and Pb I from lBiemont et all (pOOOf ). Hyperfine 
splitt ing structure a nd isotope shifts are considered for 
As I (IRoederer fc La wler 2012), Ba 11 (iMc Wilham 1998D . 
La II fivans et al.' 2006)^u 11 (jlvans et al.ii2006i ). and 
Pb I |Rocdcrcr et al. 20l2)- Uncertainties in the \og{gf) 
values for the elements of interest generally do not con- 
tribute significantly to the abundance uncertainties. The 
Ge I, As I, and S e i transitions used i n this study are all 
major branches (|Meggers et al.l [19751) . iWiese fc Martini 
(|198C1| ) estimate accuracies of 25% (< 0.10 dex) for the 
Ge I transition probabilities. The As i and Se i tran- 
sition probabilities have stated uncertainties of 17% or 
le ss (< 0.07 dex; see refere nces in Sections 3.3 and 3.4 
of IRoederer fc LawleH[201^ . These are relatively small 
when compared with other sources of uncertainty, but 
they are included in the random components of uncer- 
tainty stated in Tables S) and [5] 

We adopt an r-process isotopic mix (jSneden et alj 



l2008f) for the metal -poor stars and a Solar isotopic mix 
(jBohlke et aIll20Cil for the more metal-rich stars with 
a relatively large content of s-process material. We do 
not report abundances for strontium, platinum, or lead in 
most stars in the sample, unfortunately, because the lines 
are either undetected or extremely blended. The limited 
wavelength coverage available for HD 107113 does not 
cover the strongest lines of Eu 11, so we can only derive 
an upper limit from the non-detection of the intrinsically 
weak Eu 11 6645 A transition. 

We compute uncertainties assuming a minimum mea- 
surement (random) uncertainty of 0.10 dex, as estimated 
from unblended Fc i lines. This accounts for uncertainty 
in the continuum placement, line fitting, and any mild 
blending features. Lines marked in Table O with ":" in- 
dicate we have adopted a minimum measurement uncer- 
tainty of 0.20 dex, and lines marked with indicate 
we have adopted a minimum measurement uncertainty of 
0.30 dex. These lines are more blended, and we have had 
gre ater difficulty identifying th e local continuum. Follow- 
ing [Roederer^iJ^IiJ (|20l3) ; we assume a systematic 
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TABLE 3 
LiNE-BY-LiNE Abundances 



Species 


A 


log(9/) 


HD 2454 


HD 16220 


HD 76932 


HD 94028 


HD 107113 


HD 140283 




(A) 




loge 


loge 


loge 


loge 


loge 


loge 


Zn I 


3302.58 


-0.02 






+3.56 










4DoU.i4 


—0.85 


+3.96 


+4.13 


+3.71 


+3.06 


+3.88 






A voo T a 
4 i Zz.io 


—0.37 


+3.91 


+4.10 


+3.76 


+3.10 


+3.81 


+2.17 




4810.53 


-0.15 


+4.03 


+4.11 


+3.79 


+3.11 


+3.80 


+2.09 


Zn II 


zUuz.UU 


—0.29 








+3.26 




+2.27 


Ge I 


1998.89 


-0.78 








+1.63: 




< +1.1 




2041.71 


-0.70 




+3.11:: 


+2.40 


+1.59 


+2.54: 


< +0.6 




zUbo.zl 


—0.79 


■ ■ ■ 






+1.39: 




< +0.8 




3039. U7 


+0.07 


+2.70 










< +0.6 


As I 


1972. d2 


—0.63 


< +3.9 




+ 1.70:: 




+1.87:: 


+0.09: 






—0.28 


< +2.9 


< +3.1 




+1.21: 




■ ■ ■ 


be I 


19u0.o9 
2U39.e4 


—0.43 
—0.74 






+2.37:: 


+2.18: 
+2.03: 




+0.59: 
+0.41 




2074.78 


—2.26 


< +3.3 


+2.83:: 


+2.45: 


+2.03 


+2.77: 


+0.79 


or II 


40/ l.ii 
4215.52 


+0.15 
—0.17 








+1.50 
+1.52 




+0.13 
+0.05 


Zr II 


199D.74 
,3095.07 

Q 1 on '7ii 

olz9. ID 


—0.04 
—0.84 
—0.54 




+2.27 


+1.89 
+ 1.84 
+ 1.99 


+1.36 








3273. U5 


+0.30 


+2.69 


+2.40 


+2.02 










TOO y1 Tl 

,3284.71 


—0.37 






+1.97 










o A 'zn on 
o4/9.o9 


+0.18 






+1.93 










ooOo.o ( 


—0.39 




+2.29 


+1.95 










3551.95 


—0.36 




+2.36 


+2.00 










0990.90 


—0.52 








+1.44 




—0.13 




/I nccn Qo 
4050. oz 


— 1.06 


+2.64 


+2.29 


+1.92 


+1.46 








4149.20 


—0.04 








+1.53 




—0.22 




4161.20 


—0.59 






+1.98 


+1.51 








/lonc nc 
420o.9o 


—0.51 


+2.68 


o or 

+2.35 


+1.96 


+1.48 




—0.09 




5112.27 


—0.85 










+2.06 




Ba II 


/lion 
4io0.o5 


+0.52 


■ ■ ■ 


+1.67 


+0.95 


' ■ ■ 


■ ■ ■ 






4554. Oo 


+0.14 


+2.51 


+2.23 




+0.61 


+1.94: 


— 1.37 




5853.68 


-0.91 


+2.64 


+2.07 


+1.29 


+0.76 


+1.79 






6141.71 


—0.03 












— 1.45 




c A f\r' nn 

d49d.90 


—0.41 




■ ■ ■ 




■ ■ ■ 




— 1.29 


La II 


v)9oo.51 


+0.21 


+1.05 


+0.82 


+0.22 


— 0.24 




< —1.0 




onn cr a 

3995.74 


—0.06 


+1.06 


+0.80 


+0.21 


—0.34 




< —1.1 




4UoD. / i 


— U.U / 








n OQ 
— U.zo 




< — i.4 




4123.22 


+0.13 


+ 1.11 


+0.88 


+0.28 


-0.25 




< -1.2 




4662.50 


-1.24 










+0.63 






5114.56 


-1.03 










+0.72 






6262.29 


-1.22 










+0.67: 






6390.48 


-1.41 










+0.62: 




Eu II 


3819.67 
3907.11 


+0.51 
+0.17 






-0.11 






< -1.7 

< -1.4 




4129.72 


+0.22 


+0.04 


+0.14 


-0.17 


-0.88 




< -1.7 




6645.10 


+0.12 






-0.11 




< +0.4 




Pt I 


2049.39 


+0.02 








+0.20 




< -0.6 


Pb I 


4057.81 


-0.22 


+2.08 




+1.28 


< +1.3 




< +0.7 



Both the STIS and HIRES spectra yield equivalent abundances for this line 



uncertainty of 0.19 dex for absorption lines of neutral 
atoms and 0.29 dex for absorption lines of ions, which 
accounts for uncertainties in the model atmosphere pa- 
rameters. The total uncertainty is the quadrature sum 
of the random and systematic uncertainties, as given in 
Tables 2] and [5j Most abundance ratios constructed from 
species in the same ionization state should be fairly ro- 
bust against uncertainties in the model atmosphere pa- 
rameters. The combined random uncertainties should 
adequately represent the uncertainty in these cases, so 
no total uncertainties are given. 

We derive germanium abundances from several lines, 
includ ing the Ge I 3039 A line t hat has been used previ- 
ously (ISneden et al.lll998L [20031: ICowan et al .112001120051) 
to study germanium in metal-poor stars. Unfortunately 
we have not been able to detect both the UV lines near 



2000 A and the 3039 A line simultaneously, so we can- 
not verify that these abundance indicators yield consis- 
tent results. The s ubgia nts studied in this study and 
iRoederer fc Lawleii (|2012D yield [Ge/Fe] ratios or upper 
lir nits that are h i gher t han the samples of g i ants s tudied 
bv ICowan et"all pOOl and IRoederer et al.l (|20H . The 
subgiant sample occupies higher metallicities, so this off- 
set does not necessarily indicate a systematic difference. 
This issue could be examined with new observations of 
bo th sets of Ge i lines in the same star. 

Rocdcrcr fc Lawleil ()2012D estimated that substantial 
fractions (« 10%-90%) of neutral arsenic and selenium 
are present in the line-forming layers of the atmosphere 
of HD 160617. Both elements have relatively high first 
ionization potentials (FIPs), 9.79 eV and 9.75 eV, respec- 
tively. Germanium has a somewhat lower FIP, 7.90 eV. 
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TABLE 4 

Mean Abundances for HD 2454, HD 16220, and HD 76932 





Element 




HD 2454 








HD 16220 






HD 76932 






or Ratio 


value 


'^random 


*^total 


^ 


value 


•^random 


'''total 


^ lines 


value 


^random 


""total 


N 


loge(Fei) 


+6.78 


0.10 


0.21 


69 


+6.94 


0.14 


0.24 


51 


+6.32 


0.12 


0.22 


112 


1 


og e (Fe ii) 


+7.06 


0.21 


0.36 


7 


+7.09 


0.22 


0.36 


7 


+6.58 


0.12 


0.31 


11 


log e (Zn l) 


+3.97 


0.07 


0.20 


3 


+4.11 


0.06 


0.20 


3 


+3.71 


0.06 


0.20 


4 


log e (Zn ll) 





























logc(Gc I) 


+2.70 


0.14 


0.24 


1 


+3.11 


0.32 


0.37 


1 


+2.40 


0.14 


0.24 


1 


log c (As I) 


< +2.9 






2 


< +3.1 






1 


+1.70 


0.31 


0.36 


1 


log e (Sc l) 


< +3.3 






1 


+2.83 


0.30 


0.36 


1 


+2.41 


0.16 


0.25 


2 


log e (Sr II) 





























log e (Zr ll) 


+2.66 


0.06 


0.30 


3 


+2.33 


0.05 


0.29 


6 


+1.95 


0.06 


0.30 


11 


loge (Ba ll) 


+2.58 


0.12 


0.31 


2 


+1.99 


0.33 


0.44 


3 


+1.12 


0.31 


0.42 


2 


log e (La ll) 


+1.11 


0.09 


0.30 


4 


+0.82 


0.06 


0.30 


4 


+0.24 


0.09 


0.30 


4 


log e (Eu ll) 


+0.04 


0.10 


0.31 


1 


+0.14 


0.10 


0.31 


1 


-0.13 


0.07 


0.30 


3 


loge(Pt l) 





























loge(Pb l) 


+2.08 


0.10 


0.21 


1 











+1.28 


0.10 


0.21 


1 




|Fe I/HJ 


-0.72 


0.10 




69 


-0.56 


0.14 




51 


-1.18 


0.12 




112 




[Fe Il/H] 


— U.44 


V.ZL 




t 


— U.4i 


0.22 




/ 


n no 


0.12 




i± 




[Zn l/Fc ll 


+0.13 


0.12 




3 


+0.11 


0.15 




3 


+0.33 


0.13 




4 


[Zn Il/Fc ll] 































Ge i/Fe i] 


-0.23 


0.17 




1 


+0.02 


0.35 




1 


-0.07 


0.19 




1 




As i/Fe i] 


< +1.32 






2 


< +1.36 






1 


+0.58 


0.33 




1 




Se i/Fc i] 


< +0.68 






1 


+0.05 


0.33 




1 


+0.25 


0.20 




2 




Sr ii/Fc ii] 































Zr Il/Fe ii] 


+0.52 


0.22 




3 


+0.16 


0.23 




6 


+0.29 


0.13 




11 




Ba Il/Fe ll] 


+0.84 


0.24 




2 


+0.22 


0.40 




3 


-0.14 


0.33 




2 




La ii/Fc ii] 


+0.45 


0.23 




4 


+0.13 


0.23 




4 


+0.06 


0.15 




4 




Eu ii/Fc ii] 


-0.04 


0.23 




1 


+0.03 


0.24 




1 


+0.27 


0.14 




3 




[Pt i/Fe i] 































[Pb i/Fe i] 


+0.76 


0.14 




1 











+0.42 


0.16 




1 



TABLE 5 

Mean Abundances for HD 94028, HD 107113, and HD 140283 



Element 




HD 94028 








HD 107113 






HD 140283 




or Ratio 


value 


•^random 


""total 


N 


value 


•^random 


""total 


^lincs 


value 


random 


"total 


JV 


log e (Fe l) 


+5.75 


0.09 


0.21 


44 


+6.71 


0.08 


0.21 


58 


+4.79 


0.05 


0.20 


109 


log e (Fe ii) 


+5.88 


0.05 


0.29 


6 


+6.97 


0.07 


0.30 


5 


+4.88 


0.06 


0.30 


28 


log e (Zn l) 


+3.09 


0.06 


0.20 


3 


+3.83 


0.06 


0.20 


3 


+2.13 


0.07 


0.20 


2 


log e (Zn ll) 


+3.26 


0.10 


0.31 


1 











+2.27 


0.10 


0.31 


1 


loge (Gc l) 


+ 1.56 


0.17 


0.26 


3 


+2.54 


0.22 


0.29 


1 


< +0.6 






4 


log e (As l) 


+1.21 


0.21 


0.28 


1 


+1.87 


0.31 


0.36 


1 


+0.09 


0.21 


0.28 


1 


log e (Se l) 


+2.06 


0.17 


0.25 


3 


+2.77 


0.21 


0.28 


1 


+0.60 


0.24 


0.31 


3 


loge (Sr ii) 


+1.51 


0.07 


0.30 


2 











+0.09 


0.07 


0.30 


2 


loge (Zr ii) 


+1.46 


0.07 


0.30 


6 


+2.06 


0.10 


0.31 


1 


-0.15 


0.08 


0.30 


3 


log e (Ba ii) 


+0.68 


0.13 


0.32 


2 


+1.82 


0.14 


0.32 


2 


-1.37 


0.10 


0.31 


3 


log e (La ii) 


-0.28 


0.05 


0.29 


4 


+0.67 


0.05 


0.29 


4 


< -1.4 






4 


log t (Eu ii) 


-0.88 


0.10 


0.31 


1 


< +0.4 






1 


< -1.7 






3 


log<:(Pt I) 


+0.20 


0.10 


0.21 


1 











< -0.6 






1 


log e (Pb l) 


< +1.3 






1 











< +0.7 






1 


[Fe I/HJ 


-1.75 


0.09 




44 


-0.79 


0.08 




58 


-2.71 


0.05 




109 


[Fe Il/H] 


-1.62 


0.05 




6 


-0.53 


0.07 




5 


-2.62 


0.06 




28 


[Zn i/Fe i] 


+0.28 


0.11 




3 


+0.06 


0.10 




3 


+0.28 


0.09 




2 


[Zn ii/Fe ii] 


+0.32 


0.11 




1 











+0.33 


0.12 




1 


[Ge l/Fe l] 


-0.34 


0.19 




3 


-0.32 


0.24 




1 


< -0.34 






4 


[As i/Fc i] 


+0.66 


0.23 




1 


+0.36 


0.32 




1 


+0.50 


0.22 




1 


[Sc i/Fc i] 


+0.47 


0.19 




3 


+0.22 


0.23 




1 


-0.03 


0.25 




3 


[Sr ii/Fc II] 


+0.26 


0.09 




2 











-0.16 


0.09 




2 


[Zr ii/Fc ii] 


+0.50 


0.09 




6 


+0.01 


0.12 




1 


-0.11 


0.10 




3 


[Ba ii/Fc ii] 


+0.12 


0.14 




2 


+0.17 


0.16 




2 


-0.93 


0.12 




3 


[La ii/Fc ii] 


+0.24 


0.07 




4 


+0.10 


0.09 




4 


< +0.12 






4 


[Eu ii/Fc ii] 


+0.22 


0.11 




1 


< +0.41 






1 


< +0.40 






3 


[Pt i/Fe i] 


+0.33 


0.13 




1 











< +0.49 






1 


[Pb i/Fe i] 


< +1.01 






1 











< +1.37 






1 
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1972.8 
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Fig. 1. — Synthesis of a sample of Ge l, As l, and Se I lines 
in the UV STIS spectrum of HD 140283. In the top panel, the 
Ge I upper limit (3cr) is indicated by the dot-dashed line. In the 
lower two panels, the best-fit synthesis is indicated by the bold red 
line. The light gray lines show variations in the best-fit abundance 
by ± 0.3 dex. In all three panels, the bold black line indicates a 
synthesis with no Ge I, As I, or Se I present. 

Our calculations reveal that w 3%-9% of the germanium 
in the line-forming layers is neutral; while small, this is 
a substantially higher percentage of Ge i than, e.g., Fe i 
expected in the line-forming layers of these warm sub- 
giants. The lower levels of the Ge i transitions used in our 
study comprise the main population reservoirs (> 98%) 
for Ge I at the temperatures found in these atmospheres, 
although the fraction of all germanium atoms in a given 
level never exceeds l%-2%. Our calculations assume 
that the level populations and ionization fractions can 
be described by Boltzmann and Saha distributions in 
local thermodynamical equilibrium (LTE). We caution 
that our LTE calculations may underestimate the total 
germanium abundance due to the minority species Ge i 
being driven out of LTE by overionization. Estimating 
the possible magnitude of this effect is beyond the scope 
of the present study, although we would expect the non- 
LTE corrections to be similar for all stars in our sample. 
Non-LTE calculations of the germanium line formation 
in these stars would be most welcome. 



iMashonkina et aT] (|2012f) have estimated non-LTE cor- 
rections to the abundances derived from the Pb i 4057 A 
and E u ii 4129 A lines in the sample of stars examined by 
Roede rer et al.l (j2010( ). Neutral lead atoms are no more 
than a couple percent of the total fraction of lead in 
metal-poor subgiants or turnoff stars, so the corrections 
may be substantial. IMashonkina et ahl calculate non- 
LTE corrections of approximately -1-0.25 to -1-0.40 dex 
for the Pb I 4057 A line in stars like those in our sam- 
ple. Their calculated non-LTE corrections for the Eu ii 
4129 A line are small, typically -1-0.05 dex. We do not 
include these corrections to the values presented in Ta- 
bles [3] and [51 but we caution that the lead abundances 
listed may be underestimated by a factor of 2 or so. 

For optical wavelengths of interest to abundance stud- 
ies of late- type stars, the continuous opacity is dominated 
by bound-free (bf) absorption of the H~ ion. Rayleigh 
scattering and bf absorption from atomic H also con- 
tribute to a lesser degree. At UV wavelengths in stars of 
high metallicity, bf absorption from neutral metals also 
becomes a significant source of continuous opacity. Our 
calculations indicate that the opacity is dominated by 
Hj^j absorption in these stars at most wavelengths of in- 
terest to the present study. H Ibf also contributes signif- 
icantly at wavelengths short of the Balmer jump. Bf ab- 
sorption from the Mg i 3s3p '^P° term and the Al i 3s^3p 
term occurs short of 2515 A and 2076 A, respectively. 
The contributions to the total continuous opacity from 
these metals are comparable to — but do not dominate — 
the contributions from H only in the most metal-rich 
stars ([Fe/H] « —0.5) in our sample. In these stars, 
abundance ratios derived from lines in our UV spectra 
near 2000 A could be referenced to either H or Al, since 
these elements both contribute roughly equally to the 
total continuous opacity. In the more metal-poor stars, 
H still dominates the sources of continuous opacity near 
2000 A. We underscore the fact that most of the lines 
of interest of Ge i, As i, and Se i occur within a nar- 
row wavelength range, so abundance ratios among these 
elements should be quite robust. 

Our derived mean abundances are listed in Tables HI 
and[5l Both log e abundances and [X/Fe] ratios are given. 
Recall that abundances or ratios denoted with the ion- 
ization state represent the total abundance of that ele- 
ment as derived from absorption lines of the species in- 
dicated. Note that the [Zn/Fe] ratios derived from both 
neutral and ionized zinc are in agreement in HD 94028 
and HD 140283, as iRoederer fc Lawler. (,2012.) also found 
for HD 160617. 

5. RESULTS AND DISCUSSION 

5.1. The Nature of Our Sample 

The stars in our sample span a wide range of ages, 
metallicities, and Galactic stellar populations. The 
three most metal-rich stars in our sample, HD 2454, 
HD 16220, and HD 107113, have overall metallicities 
[Fe/H] w —0.5. These stars have kinematics consis- 
tent with membership in the thin disc, are approxi- 
mately 2-4 Gyr old, and have only mildly enhanced 
[a/Fe] ratios (where a stands for O, Mg , Si, Ca, or Ti) 
+0m < [ g /Fel _< +0.15 (e.g., l Edvard ssOTi et al.|[l993l: 
'Bens by et aLM2005i: IHolmberg et al.l 



If. 



'Venn et al. 2004' 
,2009; .Casagrandc et al 



HD 76932 is more 
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Fig. 2.— The [Zn/Fe], [Zr/Fe], and [Eu/Fe] ratios as a function of 
[Fe /H] . Stars examined in this study are marked by the large black 
squares. The other star where germanium, arsenic, and selenium 
have been studied, HD 160617, is marked by the large black tri- 
angle. Other stars where germa nium has been st udied are marked 
by medium-sized gray c ircle s ( Cowan et al.l[2"0051) or medium-sized 
gray triangles (Roederer et al. 2 012 ). These studies included sev- 
eral stars that had been examined previously by ISneden et al.l 
((1998, 2003) and Cowan et al. (2002). Filled symbols denote de- 
tections, and open symbols denote upper limits. Abundances of 
field s t ars de rived by various surveys a re taken from Burris et al. 
(ggoD), 'Pulbrieht (2000), Reddv et al.' 1^2 003. 1200^). fCavrel et al.i 
12004), Francois et al. (2007), and Roedere ret al.l 1 12010) . The dot- 
ted horizontal lines indicate the Solar ratios. 



metal poor, [Fe/H] = —0.9, is a probable member 
of the thick disc, has an intermediate age of approx- 
imately 7-11 Gyr, a.nd has significant g-enhancement, 
[g/Fe ] = -H0.3 (e.g., 'E dvardssoii et al.lll993t iVenn et al.l 
200l iNissen fc Schusttal WlOl: iCasagrande et al.l l20TlF 
Schust er et al. 2012). The three most metal-poor stars, 
HD 94028, HD 140283, and HD 160617, have metal- 
licities spanning —2.6 < [Fe/H] < —1.6. These 
stars have kinematics consistent with the thick disc 
or halo, have ages of 12 Gyr or more, and have en- 
hanced [a/Fe] rat ios, -HO. 3 < [ct/Fe] < -H0.4 (eg 



Fulbrightir2 000: V enn et al.ll2"00i iHolmberg et all [20091: 
Casagrande et al.ll20ill: iRoederer fc Lawled l2012D . 

In Figure [21 we compare the [Zn/Fe], [Zr/Fe], and 
[Eu/Fe] ratios for the stars in our sample (black squares 
and triangle) with previous surveys of the Galactic halo, 
thick, and thin discs (small diamonds) . We also highlight 
stars with previous [Ge/Fe] determinations (gray circles 
and triangles). When necessary, we correct the iog{gf) 



scales to those used in the present study(3 The two most 
metal- rich stars in our sample have [Eu/Fe] ratios consis- 
tent with the Solar ratio, which is on the low end of the 
field star distribution near [Fe/H] — —0.4. One of them, 
HD 2454, is a known barium dwarf star and will be dis- 
cussed separately in Section 15.31 Overall these stars fall 
well within the ranges of [Zn/Fe], [Zr/Fe], and [Eu/Fe] 
for field stars at similar metallicity. This demonstrates 
that the stars of interest for the present study are not 
outliers according to their chemistry. 

5.2. Germanium Trends with Metallicity 

Figures [3| and [31 indicate that the [Ge/Fe] and [Ge/Zn] 
ratios increase with increasing metallicity. The increase 
in [Ge/Fe] begins at least by [Fe/H] = —1.6, and the 
four stars in our sample with [Fe/H] > —1.0 show 
[Ge/Fe] ratios close to the Solar ratio. Other stars 
with [Fe/H] = —1.6 show low [Ge/Fe] ratios that are 
consistent with those found in the class of r-process rich 
stand ard star s, who se members include BD-l-17 3248 
(Cow an et all [200l) . CS 22892- 052 (|Sneden et al.l 
120031). CS 31 082-001 (iHill et al.l [200l. HD 115444 
(jWestin et al|[2000. ). and HD 221170 Ifrons et al\T2006) . 



Previous observations of metal-poor stars show that 
[Ge/Fe] does not correlate with [Eu/Fe], a common 
tracer of the main component of the r-process, indicat- 
ing that germanium is not produced under the same 
conditions that give rise to r-pro cess nucleosynthesis . 
This result was initially found by ICowan et al.l (I2005D. 
and more recent observations reaiErm it ([Roederer et akl 
[Ml). 

The overall increase and scatter in [Ge/Fe] echoes the 
increase and scatter in [La/Eu] found in many field stars 
over the same metallicity range, as shown in Figure [5j 
The lowest metallicity stars and some even at metallicity 
[Fe/H] — —1.4 show a low [La/Eu] ratio that is consis- 
tent with the [La/Eu] ratio found in the r-process rich 
standard stars (shaded band in Figure [S]) . A range of 
[La/Eu] ratios is found at most metallicities, but the up- 
turn in [La/Eu] toward the Solar ratio with increasing 
metallicity generally is attributed to increasing amounts 
of s-process ma terial present in the ISM when these stars 
were born (e.g.. lSimmerer et al.| [2b04). It is reasonable to 
conclude that the increase in [Ge/Fe] ratios may also be 
due to increasing amounts of s-process material present 
in the ISM. We dedicate the next sections to investigat- 
ing the nature of the s-process that could be responsible 
for the germanium production. 

5.3. The Barium Star HD 2454 

^ Large surveys concerned with the chemical evolution of the 
thin disc find that the mean [ Zr/Fe] rati o converges to the S olar ra- 
tio at Solar metallicity (e.g.. [Edvardsson et al. 1993; Reddv et al.l 
1200311 . In our Figure [2] however, the Zr II abundances for stars 
near Solar metallicity, mostly derived by [Reddv et a lj appear to 
converge toward [Zr/Fe] = -1-0.3 at [Fe/H] = 0.0. iReddv et al.1 
used one Zr II line, 5112 A , and they adopted its log{gf) value 
from [IBicmont et al.l l|19811 ) and [Bogdanovich et al. (1996), which 
is 0.26 dex higher than the value presented by Liung et al. (2006). 
The discrepancy ste ms from the smaller experimental branching 
fraction measured by ILiung et al . relative to the values available 
previously. The log{gf) value given by iLiung et al.i yields a Zr II 
abundance derived from the the 5112 A line in the Solar photo- 
sphere that is in better agreement with other lines, and we prefer 
this value. 
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Fig. 3. — The [Ge/Fe], [As/Fe], and [Se/Fe] ratios as a function 
of [Fe/H]. Symbols are the same as in Figure [21 Filled symbols 
denote detections, and open symbols denote upper limits. 



ITomkin et afl (flQSl identified HD 2454 (HR 107), 
which is in our sample, as the first example of a bar- 
ium dwarf star. Such stars may be the dwarf analogs of 
the classical barium giants. Population I stars in binary 
systems with strong lines of Ba ii, Sr ii, C2, CH, and 
CN. These stars may be formed by accreting mass from 
a more massive companion that passed through the AGB 
phase of evolution. 

A recent study o f the heavy element ab undance pat- 
tern in HD 2454 bv lAllen fc Barbuvl (|2006D reveals sub- 
stantial overabundances of elements at all three s-process 
peaks, as well as a mild carbon overabundance, support- 
ing this interpretation. The s-process pattern in this 
star (either their abundances or ours) can b e reasonably 
fit by the s-process abund ance p redictions ofl Husti et al.l 
([2009) and Bistcrz o~eFaII (|2010l) for an AGB star with an 
initial main sequence mass of 1.2 < M/Mq ^3.0, metal- 
licity [Fe/H] « —0.5, and a fairly standard "'^'^C pocket 
efficiency. All but the stars of lowest mass in this range 
will evolve in less than « 2 Gyr, which is less than the 
inferred age of the observed main sequence star, » 2.0- 
2.5 Gyr fBens bv et al.l l2005- Casagr ande et alllBlH ). 

We find that the [Zr/Fc], [Ba/Fc], and [La/Fe] ratios 
in HD 2454 are enhanced by factors of 2-4 relative to 
these ratios in HD 16220, which has a nearly identical 
metaUicity and [Eu/Fe] ratio as HD 2454. (The [Pb/Fe] 
ratio in HD 2454 is also enhanced; we could not derive 
[Pb/Fe] in HD 16220.) The [Ge/Fe] ratios are identical 



Fig. 4. — The [Ge/Zn], [Ge/Se], and [As/Se] ratios as a function 
of [Fo/H]. Symbols are the same as in Figure [2] Filled symbols 
denote detections, and open symbols denote limits. The upward 
arrow in the middle panel denotes a lower limit on [Ge/Sc] from 
an upper limit on the selenium abundance. 

within the uncertainties in HD 2454 and HD 16220, how- 
ever, suggesting that the nucleosynthesis process respon- 
sible for the enhancements at the three s-process peaks 
in the AGB companion did not produce any detectable 
germanium. In this scenario, the germanium enrichment 
was present in the birth cloud of HD 2454, while most 
of the enrichment of zirconium, barium, and lanthanum 
occurred via mass transfer from a binary companion that 
passed through the AGB phase. 

5.4. Nucleosynthesis of Germanium 

Our data indicate that the nucleosynthesis process re- 
sponsible for the increasing [Ge/Fe] ratios should pro- 
duce substantial germanium, relatively small amounts of 
zinc, arsenic, and selenium (see Section l5.6|) . and little 
material with A > 90. If we attribute the enrichment of 
elements at the s-process peaks in HD 2454 to the main 
component of the s-process, then the overall upturn in 
[Ge/Fe] could be the result of the weak component of the 
s-process. This is consistent with longstanding interpre- 
tations of the origin of the A < 9 portion of the Solar 
system s-process d istribution (e.g.. lKappeler et"al]ll989[ 
iRaiteri et anil99lD . where 80% of the germanium is esti- 
mated to have originated in the weak component of the 
s-process operating in massive (M r-^ 25 Mq) stars (e.g., 
[Pignatari et al..,20ia) . 
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Fig. 5. — The [La/Eulratio as a function of [Fe/H]. Symbols 
are the same as in FigurelJ] Filled symbols denote detections, and 
open symbols denote limits. The upward arrow denotes a lower 
limit on [La/Eu] from an upper limit on the europium abundance. 
The gray shaded band represents the mean [La/E u] ratio found 
in 5 r -process rich standard stars, as analyzed by fSneden et al.l 
p009t) . ([La/Eu]) = -0.45 ± 0.07. The field sample includes ad- 
ditional stars fro m ISTm mcrer et al. (2004) and their reanalysis of 
stars examined by IWoolf et al.i H1995i 'l . 

The germanium in the more metal-poor stars seems to 
have been produced by a different mechanism. The ger- 
manium in these stars may have been produced by pre- 
vious stehar generations under conditions of nuclear sta- 
tistical equihbrium (e.g., Wanaio ct aL 2011) or charged- 
particle reactions (e.g., Frohhch ct al. 2006). Perhaps 
the ISM in the birth environments of most metal-poor 
stars was not widely enriched by products of the weak 
s-process. Alternatively, the s-process that was in op- 
eration in massive, low-metallicity stars may have been 
fundamentally different than that in metal-rich stars. 

5.5. Arsenic and Selenium Trends with Metallicity 

Figures [3] and |3] show the evolution of the [As/Fe], 
[Se/Fe], and [As/Se] ratios as a function of metallicity. 
Although there are only 7 stars available at present to 
trace the evolution of these elements, a few points can 
be inferred from these figures. There appears to be rel- 
atively little evolution in either the [As/Fe] or [Se/Fe] 
ratios from -2.6 < [Fe/H] < -0.4. The mean [As/Fe] 
ratio is 4-0.51 ± 0.08 (cr = 0.18), and the mean [Se/Fe] 
ratio is +0.19 ± 0.07 (ct = 0.18). Unsurprisingly, the 
As/Se] trend is also relatively flat. In contrast, the 
Ge/Se] ratio suggests an upward trend with increas- 
ing metallicity. At low metallicity, [Fe/H] < —0.9, the 
[As/Fe] ratios are enhanced similarly to [Eu/Fe]. [Se/Fe] 
is less enhanced but still super-Solar, except possibly in 
HD 140283. Our metal-poor sample does not include 
any stars with extreme values of [Eu/Fe], so we cannot 
investigate trends between ars enic or selenium and eu- 
ropium as ICowan et al.l (l2005h did for germanium. We 
could only derive upper limits on arsenic and selenium in 
HD 2454, the barium dwarf star, since the lines are too 
blended to be reliable abundance indicators. 

5.6. Nucleosynthesis of Arsenic and Selenium 

Our observations indicate [Ge/Se] is trending toward 
the Solar ratio at high metallicity, while [As/Se] remains 
Solar or super-Solar. Neither [As/Fe] nor [Se/Fe] appear 
to be affected by the weak s-process in the way that 
[Ge/Fe] is. This result is consistent with the relatively 
small fraction of arsenic and selenium in the Solar sys- 
tem attributed to the s-process. The rapidly-rotating 



massive star models of lFrischknecht et al.l ()2012D predict 
that s-process production of germanium should be ac- 
companied by production of arsenic and selenium by sim- 
ilar factors. While the weak s-process may contribute 
small amounts of arsenic and selenium that are unde- 
tected amidst a relatively large primary abundance, our 
data exclude it as a major source of the arsenic and se- 
lenium in the metal-rich stars. 

HD 16220, HD 76932, HD 94028, HD 107113, and 
HD 160617 all have [La/Eu] ratios enhanced significantly 
above the mean [La/Eu] found in the r-process standard 
stars, as shown in Figure [5l This indicates that material 
produced by the main component of the s-process was 
incorporated in to these stars. The intermediate mass 
AGB models of iKarakas et al.l (|2009[ ) that cover a range 
of metallicities predict approximately Solar [Ge/Se] ra- 
tios, and the low mass models predict [Ge/Se] w —0.15 
to —0.20. This is also the case a t very low metallicity; 
see the models in iLugaro et al.l (j2012l ). These models 
also predict that [As/Se] should be sub-Solar by a factor 
of w 2 (A. Karakas, 2012, private communication). The 
relatively constant and super-Solar [As/Fc], [Se/Fe], and 
[As/Se] ratios indicate that the main component of the 
s-process also contributed little to these elements in our 
stellar sample. 

Simulations of r-process nucleosynthesis predict that 
conditions leading to the production of these elements 
should be different than the conditio ns leading to the 
main component of the r-process (e.g.. lKratz et al.l[2007l : 
iFarouqi et alll2009( ). As with germanium in low metal- 
licity stars, explosive nucleosynthesis in n uclear statisti- 
cal equilibrium Ce.g.. iWanaio et aT'2011') or a charged- 
particle process (e.g.. lFrohlich et al. 2006) are likely can- 
didates, but these data cannot affirm this specifically. 
Detection of arsenic and selenium in stars with [Fc/H] < 
—2.0 and low [Ge/Fe] and [La/Eu] ratios would help di- 
agnose this matter. 

6. CONCLUSIONS 

We present a study of the chemical evolution of germa- 
nium, arsenic, and selenium in metal-poor stars. Of these 
three elements, only germanium abundances have been 
studied previously in multiple metal- poor stars, and that 
only for stars with [Fe/H] < - 1.4 JSneden et all 119981 
l200aiCowan et al. 112001 l200ll Roederer et al.ll2012D . Us- 
ing archive space-based UV spectra obtained with STIS 
on board the HST and ground-based optical spectra from 
several observatories, we are able to study abundances 
of these elements in seven stars spanning metallicities 
—2.6 < [Fe/H] < —0.4. We also derive abundances 
of zinc, strontium, zirconium, barium, lanthanum, eu- 
ropium, platinum, and lead to inform our interpretation. 

The stars in our sample appear to be normal chemical 
representatives of the halo, thick, and thin discs. Pre- 
vious observations indicate that germ anium tracks iron 
at low metallicity ([Cowan "eralll2005l) . Our new obser- 
vations indicate that [Ge/Fe] ratios increase at higher 
metallicities, presumably due to production by the weak 
component of the s-process. [As/Fe] and [Se/Fe] show 
no such increase, suggesting that their dominant pro- 
duction mechanism may be the same at both low and 
high metallicity. Explosive nucleosynthesis or charged- 
particle reactions are likely mechanisms for arsenic and 
selenium production, though our data are agnostic about 
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this point. Our data imply that the main component of 
the s-proccss has contributed very little to the germa- 
nium, arsenic, or selenium in our stellar sample. 

These results are not in conflict with theoretical predic- 
tions for the origin of germanium, arsenic, and selenium 
in the Solar system. Considering the scarce abundance 
data on these elements available beyond the Solar abun- 
dance distribution, we find this agreement encouraging. 

Finally, we underscore that our conclusions have been 
drawn from abundances in a very small number of stars. 
Studies of arsenic and selenium in metal-poor stars are 
reliant on access to high resolution, high S/N UV spec- 
tra attainable only with HST. This has been, and will 
remain, the limiting factor in such studies for the fore- 
seeable future. 

I am especially grateful to the many observers whose 
data have made this study possible. I thank A. Karakas 
and M. Pignatari for helpful conversations on s-process 

nucleosynthesis and the referee, Charles Cowley, for a 
careful reading of the manuscript. This research has 
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